Epidemiological studies have revealed striking associations between several distinct behavioral/personality traits and drug addiction, with a large emphasis on the sensation-seeking trait and the associated impulsive dimension of personality. However, in human studies, it is difficult to identify whether personality/behavioral traits actually contribute to increased vulnerability to drug addiction or reflect psychobiological adaptations to chronic drug exposure. Here we show how animal models, including the first multi-symptomatic model of addiction in the rat, have contributed to a better understanding of the relationships between different subdimensions of the sensation-seeking trait and different stages of the development of cocaine addiction, from vulnerability to initiation of cocaine self-administration to the transition to compulsive drug intake. We argue that sensation seeking predicts vulnerability to use cocaine, whereas novelty seeking, akin to high impulsivity, predicts instead vulnerability to shift from controlled to compulsive cocaine use, that is, addiction.
D
rug addiction is a chronic relapsing disorder characterized by loss of control over drug seeking and drug taking, and maintained drug use despite adverse consequences (American Psychiatric Association 2000). Drug addiction, which is also manifested by a powerful craving for the drug, occurs mainly after a prolonged history of drug use and in 20% -40% of users, depending on the drug (Anthony et al. 1994; Nutt et al. 2007 ). Drug addiction is a complex brain disorder (Leshner 1997 ) associated with dysfunctions in the motivational (Kalivas and Volkow 2005) , emotional (Goldstein et al. 2009 ), learning Yalachkov et al. 2010) , and behavioral control systems (Baler and Volkow 2006; Volkow et al. 2010; Ersche et al. 2011 Ersche et al. , 2012 .
Despite almost five decades of experimental research, both the etiology and the pathophysiology of drug addiction remain largely unknown, resulting in a relative limitation in available effective treatments, especially for stimulant addiction (Kreek et al. 2002) . This apparent failure consolidates our opinion that most experimental strategies based on a narrow druginduced neuroadaptational view may lead to impasse Belin et al. 2009b; Deroche-Gamonet and Piazza 2010; Belin and Dalley 2012) . Indeed, drug addiction is not a mere problem of drug exposure, as it is modeled in most preclinical studies, even based on a so-called gold-standard self-administration procedure. Rather, the predisposition to drug addiction results from the interaction of many different factors, including a vulnerable phenotype or personality, the drug, and the environment.
Keeping that in mind, we think, however, that three main obstacles, relevant for experimental psychopathology in general, could have contributed to hinder our ability to decipher the pathophysiological mechanisms of drug addiction. The main one was related to the unavailability, until recently, of animal models of this complex disorder with heuristic value with regard to its clinical definition. The second obstacle is related to a mechanistic group averagebased experimental approach, which did not consider interindividual differences, a critical feature of the development of addiction, namely, that the drug is not the etiological factor of addiction. All drug users do not face the same individual risk of developing addiction, and individual vulnerabilities should lie at the core of a pertinent experimental approach. Intimately related to the previous ones, the last limitation implies theoretical considerations in that, over the last decades, psychobiological theories of addiction have been developed mostly on the basis of drug-induced behavioral and neurobiological adaptations. However, despite the growing body of evidence that drug use is associated with, and involves, countless psychopharmacological and neurobiological alterations throughout the brain, drug use is far from reflecting drug addiction, thereby impeding the understanding of the effective role, if there is any, of these adaptations in the addiction process.
A decisive step would therefore be to identify the psychobiological substrates specific of those vulnerable users shifting from controlled recreational drug use to addiction, as compared with those who do not shift. The question of vulnerabilities is then probably one of the keys to our ability to understand the physiopathology, or should we say, the physiopathologies of addictions (Badiani et al. 2011) , another aspect of this psychiatric disorder that has tended to be forgotten. Indeed, the apparent unified view of drug addiction, at the core of both the clinical definitions and the psychobiological theories of addiction (Koob and Le Moal 2001; Robinson and Berridge 2008) , has greatly impacted experimental research, thereby promoting a general wisdom that addiction must be underpinned by alterations of the mesolimbic function because it is a final neurobiological pathway to the effects of all addictive drugs. However, despite a common clinical table and common drug-induced adaptations, distinct physiopathological mechanisms may be involved in the development of addiction, depending not only on drug classes (Badiani et al. 2011) , but also on the motivation to initiate drug use (Comeau et al. 2001 ) and hence individuals' personalities.
Several distinct personality traits, including sensation seeking, anxiety, and impulsivity, have been repeatedly associated with drug addiction (Franques et al. 2000; Bornovalova et al. 2005b; Lejuez et al. 2006 Lejuez et al. , 2008 Verdejo-Garcia et al. 2008; Crews and Boettiger 2009; Ersche et al. 2010 Ersche et al. , 2011 Fernandez-Serrano et al. 2010) . Major differences, however, have been identified in the distribution of these traits and their magnitude in various populations of drug addicts, especially between cocaine, heroin, and alcohol users (Bornovalova et al. 2005a; Lejuez et al. 2008) . Drug addicts also exhibit several distinct comorbid psychiatric disorders (Khantzian 1980; Kessler et al. 1996; Skinstad and Swain 2001; Gum and Cheavens 2008) and behavioral or cognitive deficits (Bechara 2005; Ersche et al. 2005 Ersche et al. , 2008 Ersche et al. , 2012 Verdejo-Garcia et al. 2006; Salgado et al. 2009; Cunha et al. 2011; Gorodetzky et al. 2011 ). These differences suggest either that chronic exposure to different drugs alters predominantly different facets of personality or instead that different personality profiles may facilitate the choice of a certain drug and/ or the transition to drug addiction once drug use has been initiated. This implies that vulnerability to drug use and vulnerability to addiction would depend on at least partly dissociable phenotypes Deroche-Gamonet and Piazza 2010) .
These aforementioned distinctions are not easily accessible to experimental testing in humans, not least because epidemiological studies rely on correlational associations, but also because well-controlled longitudinal studies are technically and financially extremely demanding over a period of 20 years. Additionally, the pertinence of epidemiological studies strongly relies on the homogeneity of the studied population. Now, as preclinical research did, epidemiological studies have tended to combine increased drug use and abuse with drug addiction. In addition, the pure addict population, in particular in the context of illicit drugs, is versatile. Therefore, studied populations are often heterogeneous-mixing use, misuse, abuse, and addiction. It is then difficult to identify whether personality/behavioral traits actually contribute to increased vulnerability to drug addiction (Khantzian 1985b) or whether chronic drug exposure triggers the emergence of psychiatric comorbidities or personality/behavioral traits (for discussion, see O'Brien 1997). There is nevertheless emerging evidence from well-controlled sibling studies (Ersche et al. 2012 ) that family-based investigations may provide better insights into endophenotypes of drug addiction. However, these do not necessarily help us to discern factors of vulnerability to initiate drug use from factors of vulnerability to switch from controlled to compulsive drug use. Thus, both epidemiological and preclinical studies yet have to answer the issue of the existence of different vulnerable factors involved in the different phases of the addiction process-namely, use, abuse, and addiction.
Therefore, the role of animal models is pivotal in the understanding of the dynamics of the etiological process because they allow us to dissociate the preexisting phenotypes from druginduced adaptations for each stage of the drug exposure history. Altogether, to date, animal models provide a valuable means to investigate the different stages of the drug addiction cycle, including especially the initiation of drug taking; the maintenance phase, which is often accompanied by bouts of drug bingeing and escalation; and, finally, the switch to compulsive drug intake, defined operationally by an increased motivation to take the drug, an inability to inhibit drug seeking, and continued drug use despite negative or adverse consequences. In this context, the most recent preparation is a multi-symptomatic model of addiction that uniquely allows studying processes underlying interindividual vulnerability to shift from controlled to compulsive drug use Belin et al. , 2009a Belin et al. , 2011a Kasanetz et al. 2010; Belin and Dalley 2012) .
In this article, we focus on cocaine addiction for three main reasons. First, models of addiction-in particular, the multi-symptomatic, so-called, 3-criteria model-have been developed for cocaine. Although researchers are currently involved in producing models of compulsive drug use for drugs of other classes, none are currently available and as validated as the ones for cocaine. Second, there is an important increase in cocaine consumption all over the world and in particular in young Europeans (WHO 2004; European Monitoring Centre for Drugs and Drug Addiction 2009; Wiessing et al. 2009 ). And last, but not least, cocaine addiction is one of the poorest addictions in terms of available therapies, including substitutive ones.
With regard to individual vulnerability, we focus on the contribution of preclinical studies to our understanding of the possible role of behavioral/personality traits in the addiction process with a large emphasis on responses to novelty and risk. The case of novelty responses is one of the best documented and exemplary in several aspects.
VULNERABILITY TO DRUG ADDICTION: CONTRIBUTING FACTORS
There is a general wisdom that vulnerability to psychopathology results from complex interactions over prolonged periods of time. If addiction responds to this general agreement, still little is known regarding the factors involved in the vulnerability to develop this psychiatric disorder. An old dyadic model (Ausubel 1961) combined predisposing factors, that is, hereditary or acquired susceptibility, and precipitating factors, namely, drug and environment (drug availability, community or societal tolerance, peer and family domains, etc.). This model had the interest of clearly evoking vulnerability through predisposition and introduced a dual, almost functional, dissociation into individualrelated factors and external factors that placed the individual at the core of vulnerability. A triadic model has since then been consensually established. Whatever the view-psychodynamic, psychosocial, psychiatric, or neuroadaptivevulnerability to drug addiction is suggested to result from the interaction between a vulnerable phenotype or personality (being the interaction between genetics and history), the drug, and the environment. Genetic, especially twin, studies have revealed that genetic factors may account for 40% of the vulnerability to drug addiction (for review, see Koob and Moal 2005) , thereby leaving a pivotal role to history, hence personality, and the iatrogenic effects of the substance.
The Vulnerable Phenotype(s) and Drug(s) Drug addiction is associated with numerous distinct behavioral/personality traits, psychiatric comorbidities, and behavioral and cognitive deficits. It is largely unknown whether these behavioral deficits, personality traits, and psychiatric disorders contribute to addiction or are simple consequences of drug use. It can also be questioned whether they are vulnerability markers either for distinct phases of the addiction process or for addiction to different classes of drugs. Finally, they could also be vulnerability markers for distinct etiological/neurobiological mechanisms of the same addictive process.
Besides their disinterest for alternative sources of reinforcement and their focus on the drug, drug addicts can indeed be characterized by several behavioral and cognitive deficits including impaired inhibitory control (Kirby and Petry 2004; Mitchell et al. 2005; Baler and Volkow 2006; Dom et al. 2006; Verdejo-Garcia et al. 2007b , decision making (Grant et al. 2000; Monterosso et al. 2001; Bechara and Damasio 2002; Hester and Garavan 2004; Bechara 2005; Cunha et al. 2011) , and insight (Goldstein et al. 2009; Verdejo-Garcia and Bechara 2009; Naqvi and Bechara 2010) .
Several distinct personality traits, including sensation seeking, anxiety, and impulsivity, are also associated with addiction (Gossop 1978; Labouvie and McGee 1986; Zuckerman 1986; Greene et al. 1993; Clapper et al. 1994; Schinka et al. 1994; Ball et al. 1998; Franques et al. 2000; Conway et al. 2002; Franques 2003; Gerra et al. 2008; Terracciano et al. 2008) . Not only are these associations highly heterogeneous within the same drug addict population, with one subset showing high anxiety and others showing high impulsive/sensation-seeking traits (Gunnarsdottir et al. 2000) , but they also depend greatly on the substance used. Indeed, although both cocaine and heroin addicts show increased levels of sensation seeking (Allcock and Grace 1988; Gerra et al. 2004; Maremmani et al. 2009 ), anxiety (Lejuez et al. 2008) , and impulsivity (Madden et al. 1997; Kirby et al. 1999; Coffey et al. 2003; Bornovalova et al. 2005a; Clark et al. 2006; Verdejo-Garcia et al. 2007b , heroin addicts show greater anxiety sensitivity than cocaine addicts do (Lejuez et al. 2006) , whereas the latter display higher impulsivity (Bornovalova et al. 2005a; Lejuez et al. 2005; Verdejo-Garcia et al. 2007b ). Additionally, some personality traits or psychiatric disorders are more specifically associated with vulnerability to use (Zuckerman 1986; Franques et al. 2000; Sher et al. 2000; Terracciano et al. 2008) or to addiction (Swendsen and Le Moal 2011) , thereby rendering even more complex the relationships between personality traits and the etiology of drug addictions.
According to the psychodynamic view of addiction, it is therefore possible that heroin and cocaine users may self-medicate different personality characteristics or affective states (Khantzian et al. 1974; Khantzian 1989 Khantzian , 1991 Khantzian , 1997 Teichman et al. 1989) , with impulsivity being preferentially self-medicated by cocaine use (Dalley et al. 2005 (Dalley et al. , 2011 . Anyway, the relative contribution of a behavioral trait to the choice of a drug does not necessarily predict its implication in the transition to compulsive drug use.
The Environment
There is compelling evidence that life experiences and environments highly influence the effects of drugs of abuse and play a critical role in the transition from controlled to compulsive drug use (Swadi 1999; Batts et al. 2005) . However, one must be cautious, because the term environment is often used confusingly. For instance, drug addiction seems to be more frequent in people both living in degraded areas and undergoing difficult experiences during their childhood. In the former, environmental conditions can refer to drug availability, peer pressure, societal tolerance, and/or negative family relationships. Accordingly, positive family relationships, friendships, involvement, and attachment appear somehow to protect against the development of drug addiction ). In the latter, environmental influences are exercised at critical developmental phases ( perinatal, adolescence) and may alter one's personality and psychobiological construction so that he becomes more vulnerable to use or abuse drugs (Khantzian 1986) . It remains to be proven that the two types of environmental conditions play the same kind of influence. The first one may be more a permissive/precipitating factor than an actual factor contributing to establish sustained drug use Somaini et al. 2011) or promote transition to compulsive drug use, as could be the second one.
Vulnerability to Addiction: The Result of Complex Interactions
Although we are gaining increasing insights into the nature of the factors contributing to addiction, our knowledge regarding the functional nature of their contribution remains limited. Why then? Interactions between factors contributing to the vulnerability to addiction are considered to be complex. However, complexity of addiction itself has probably been underestimated in two major domains:
1. The same clinical diagnosis does not necessary imply the same physiopathology and etiology. A unitary view governs all current clinical definitions and theories of addiction. Although addicts share a common clinical definition, underlying mechanisms could be of different kinds. The clinical definitions propose seven criteria, and a positive diagnosis is given when the patient shows three of them over a period of 12 months preceding the interview. Therefore, the same diagnosis, that is, addiction, does not necessarily depend on the same clinical table between two patients. These interindividual differences reflected in differential combination of symptoms within the same diagnosis should be better considered in clinical practice and experimental research. This could even be best evidenced when considering distinct classes of drugs, although it remains questionable whether drug specificities are preexisting differences or drug-induced ones.
2. Addiction is a multistep pathology (Kreek et al. 2002; Belin et al. 2011b ). We know, from its natural history, that the pathology progresses from use to addiction through regular use or abuse. Attempts to quit, that is, withdrawal periods, are unsuccessful in the great majority of addicts and define the relapsing nature of addiction. Different kinds of factors and mechanisms of vulnerability could be involved in the transition from one stage of the pathology to the other, but also within the same stage. This is particularly easy to conceive for relapse. Different relapsing factors have been identified, namely, stress, drug-associated conditioned stimuli, and small amounts of drug (Childress et al. 1988; Goeders 2003) . Preclinical models of relapse, that is, reinstatement models, allowed evidencing distinct neurobiological mechanisms involved for the three types of factors, providing numerous sources for mechanisms of vulnerability (Le and Shaham 2002; Shalev et al. 2002) .
Considering this, our current view of vulnerability could be distorted. According to the literature, genetic (hereditary) factors may contribute up to 40% to the development of drug addiction (Kreek et al. 2002) . This estimation gives genetic factors a rather limited contribution to the vulnerability to drug addiction, but does it necessarily imply that the drug and the environment are keys for vulnerability? The respective weight of genetic and environmental factors in vulnerability could finally be a function of the phase of the addictive process. In addition, the genetic contribution to vulnerability could be an indirect one. It could define an increased vulnerability to detrimental environmental factors as suggested by the growing literature on the role of gene -environment interactions (Caspi and Moffit 2006; van der Veen et al. 2007 van der Veen et al. , 2008 .
In summary, a lot is known regarding factors associated with addiction. Little is known, however, regarding the factors and mechanisms involved specifically in the vulnerability to develop drug addiction. Data strongly suggest that vulnerability to addiction is specific and distinct from vulnerabilities to use and abuse. In addition, vulnerability to addiction could be plural because several subpopulations may exist within drug addicts.
ANIMAL MODELS OF DRUG VULNERABILITY
In the context of vulnerability, animal models are determinant because they allow, within well-controlled longitudinal studies, dissociating preexisting phenotypes from drug-induced adaptations Belin et al. , 2011a Kasanetz et al. 2010; Belin and Dalley 2012) . This has proven very useful for a better understanding of endophenotypes of individual vulnerability to drug addiction, such as decreased D2 dopamine receptor levels in the ventral striatum (Dalley et al. 2007 ) and their associated increased impulsivity or novelty preference (Belin et al. 2011a) , and increased response to cocaine-induced seeking or a fast early pattern of drug use (Belin et al. 2009a ).
Preclinical models have major limitations that must be kept in mind (Geyer et al. 1995) . They surely do not allow capturing all aspects of the pathology, nor can they deal with the complexity of the pathology as a whole, including the complex social, and often personal, reasons leading people to use and abuse drugs, and the environmental factors such as peer pressure, societal tolerance, taboos, and social environment. However, quite similar limitations have been encountered in clinical studies so far, and, as noted above, it remains to be proven that these factors do not exclusively play a permissive role in revealing vulnerability to drug use.
However, with the increasing evidence suggesting that drug addiction results from gradual adaptation processes in the brains of vulnerable subjects in response to chronic drug exposure (Belin et al. 2009b (Belin et al. , 2011b Belin and Everitt 2010; Deroche-Gamonet and Piazza 2010; Kasanetz et al. 2010) , animal models present a unique tool to discriminate both psycho-and neurobiological mechanisms involved in individual vulnerability to acquire drug use from those specifically involved in drug-induced neuroadaptations responsible for the transition to drug addiction. Thus, preclinical models provide a rigorous mean to control drug exposure precisely as well as assess behavioral and cognitive performance before drug administration. They also enable controlled neural manipulations to be made and thus establish the causal influences of putative neural loci and, in turn, the cellular and molecular substrates of drug addiction (Kasanetz et al. 2010) .
A major challenge of addiction research in recent years has been to develop models for studying compulsive drug use Vanderschuren and Everitt 2004; Pelloux et al. 2007 ) with great heuristic value with regard to the clinical definition of the pathology, instead of a mere drug self-administration model, which has initially been developed in rats in 1962 by the seminal work of Weeks (1962) . Notably, this has yielded to the development of the first multi-symptomatic model of addiction based on the DSM-IV criteria ). This model, based on interindividual differences and protracted exposure to cocaine self-administration provides a unique tool to identify 15% -20% of drug-exposed rats that shift from controlled to compulsive self-administration despite equal cocaine intake.
Comparing addict-like and non-addict-like rats allows disentangling common drug-induced adaptations from those specifically associated with the addiction phenotype (DerocheGamonet et al. 2004; Belin et al. , 2009a Belin et al. , 2011a Kasanetz et al. 2010 ). In addition, this model allows for a direct understanding of the psychobiological mechanisms underlying the pathological shift from controlled use to addiction (Belin et al. 2009a; Kasanetz et al. 2010) . Finally, it uniquely addresses a major aspect of the pathology, that is, individual differences, the key to apprehend vulnerability.
Modeling Vulnerability to Drug Use in Rodents Piazza et al. (1989) were among the first to consider interindividual differences in drug responses, thereby introducing the concept of "vulnerability" in preclinical research on addiction. They showed that vulnerability to drug use can be predicted by a behavioral trait measured in naive animals, namely, locomotor reactivity to a novel, inescapable environment, proposed as a model of sensation seeking (Dellu et al. 1996) . Rats are placed for 2 h in a new environment, and their horizontal activity is monitored. Based on interindividual differences in locomotor response, animals are either selected as high responders (HRs) or low responders (LRs) according to a median division (Piazza et al. 1989) . HR rats show a greater propensity to acquire psychostimulant self-administration (Piazza et al. 1989) . They more readily self-administer low doses of psychostimulants than LR rats do (Piazza et al. 1989 ; for review, see Piazza and Le Moal 1996; ) and show higher cocaine intake whatever the dose tested (Piazza et al. 2000) . HR rats are more vulnerable than LR rats to the induction of behavioral sensitization (Hooks et al. 1992 ) produced by repeated injections of amphetamine. The hypothesis that cocaine has an increased efficacy in HR rats is supported by the greater propensity for drug-induced neural plasticity (Hooks et al. 1991a,b) and increased stress-evoked dopamine release in the nucleus accumbens (Piazza et al. 1991) in these animals.
Modeling Vulnerability to Addiction in Rodents
The Multi-Symptomatic Model of Addiction Three diagnostic criteria-namely, (1) an inability to refrain from drug seeking, (2) high motivation for the drug, and (3) maintained drug use despite negative consequences-have been operationalized in rats by (i) drug seeking during periods when the drug is not available and signaled as so, (ii) break points during progressive ratio schedules of reinforcement (Fig.  1) , and (iii) persistence of self-administration despite punishment by contingent electric footshocks (Fig. 2) . These criteria are used to evaluate the severity of drug use after prolonged exposure to the drug according to a daily selfadministration protocol. The daily self-administration session is composed of three drug components (40 min each) separated by 15-min drug-free periods. "Drug" periods are signaled by the house light, whereas the "no-drug" periods are signaled by either illumination of the entire self-administration box with extinction of the house light Belin et al. 2009a Belin et al. , 2011a Kasanetz et al. 2010) or extinction of the house light, depending on the study . During the "no-drug" periods, instrumental responses are without scheduled consequences. During the "drug" periods, the drug is available according to an FR5-40secTO schedule of reinforcement. Awhite cue light located above the active hole or lever is associated with drug delivery and serves as a conditioned stimulus (for details on the experimental procedure, see Deroche-Gamonet et al. 2004; Belin et al. , 2009a Belin et al. , 2011a .
The "Diagnosis"
Our approach consists of ranking rats for their scores for each of the three addiction-like tests. If a rat's score is included in the 30% -40% highest percentile of the distribution, this rat is considered positive for that addiction-like criterion and is given an arbitrary criterion score of 1 (Fig. 3) . Then the arbitrary criteria scores for each of the three addiction-like criteria are added, and consequently four distinct groups Progressive ratio schedule of reinforcement. The progressive ratio schedule of reinforcement used in the present model is more behaviorally demanding than the ones classically used (Richardson and Roberts 1996) . (Left panel) Various PR series, with j ¼ 0.2 being the most extensively used one. As illustrated in the middle (ratio requirement) and right (cumulative responses) panels, the progressive ratio schedule of cocaine reinforcement used in the present model is far more behaviorally demanding than the classically used ones. Thus, whereas the 15th infusion requires 225 lever presses in the j ¼ 0.2 procedure, it requires 515 lever presses for 2870 cumulative responses in the current model. are identified according to the number of positive scores: 0-criteria (0crit), 1-criterion (1crit), 2-criteria (2crit), and 3-criteria (3crit) rats. An analysis of the distributions of each of the three addiction-like behaviors (Belin et al. 2011a) revealed that the distribution of the motivation for the drug and the persistence of drug seeking were best fitted by a lognormal regression, whereas the distribution of resistance to punishment was bimodal, composed of a first lognormal distribution and a second normal subdistribution (Belin et al. 2011a) . The bimodal quality of the distributions depends on the challenging nature of the test. In this context, it is pertinent that only resistance to punishment might distribute bimodally. This bimodal distribution can, however, be influenced by additional factors such as the time at which the test is performed and whether rats have experienced the test after early training or not. The later the test is conducted after session 50, the better do the two subpopulations diverge. Early experience with the test produces the same effect. This is confirmed by the already published progression in the three scores from early to late training in the two groups (Deroche- . At any rate, this bimodal distribution provides us with an objective criterion to determine a threshold in the population in order to carry out this dichotomous, categorical strategy to identify animals that show addiction-like behavior, that is, the 30% -40% highest part of the population. And importantly, as discussed above (DerocheGamonet et al. 2004; Belin et al. 2009a) , the scores in the three addiction-like behaviors are linearly related to the number of addiction-like criteria met (Fig. 4A-C) . This result, obtained with the dimensional approach (scores for each criterion), strongly supports the categorical approach (number of positive criteria). These data support the view that addiction represents a pathologic continuum, from controlled to compulsive use, that is reached by a limited number of drug users. 1crit and 2crit rats either represent specific stable cocaine "use-related troubles" or intermediate steps toward addiction. Developed in 1980 (McLellan et al. 1980 ), the Addiction Severity Index (ASI) has been extensively used to determine the magnitude of functional and social impairments in drug addicts, thereby providing addiction with a dimensional rating that helps better define addiction severity than the categorical approach inherent to the diagnostic strategy (McLellan et al. Figure 2 . Punishment schedule. The schedule is the following: As for basal training sessions, an animal earns a cocaine infusion after completion of an FR5. However, the first instrumental response leads to the illumination of a green cue light signaling the presence of the shock. When an FR4 is completed within 5 min, rats receive an electric shock (0.4 mA, 2 sec); if not, the sequence is reinitialized. When FR5 is reached within a minute, rats receive an electric shock (0.4 mA, 2 sec) and then a cocaine infusion paired with its conditioned stimulus (CS). Then the shock-paired stimulus turns off. The schedule can reinitiate at the end of the time-out period, that is, 40 sec after the infusion. If, within a minute, animals do not complete the fifth lever press of the FR5 sequence, leading to the shock -cocaine presentation, the shock-associated stimulus turns off and the sequence is reinitiated.
1992; Cacciola et al. 1997; Kampman et al. 1998; Rikoon et al. 2006; Alterman et al. 2007) . A dimensional score of addiction-like behavior is fundamental for the study of predictive factors of drug addiction that is mainly based on dimensional, such as correlation, analyses. An addiction score (AS) has been developed as the algebraic sum of the normalized values (zscores) of each of the addiction-like behaviors ( Fig. 4D ) (see Belin et al. 2009a) . It is highly representative of each of the three criteria, thereby providing one variable representing the addiction-like phenotype. Importantly, the addiction score is an objective scale because it is not dependent on the criteria selection threshold, for example, the 25%-40% highest part of the population.
Validity of the Model
Our model is based on the comparison of 3-criteria (3crit) and 0-criteria (0crit) rats. 3crit rats show high scores for each of the three addiction-like criteria and are therefore considered "addicted-like," whereas 0crit rats are considered resistant to addiction. 3crit rats represent 20% of the population exposed to cocaine (Fig. 4E) , an incidence observed in several independent studies with Lister-Hooded or Sprague-Dawley rats as well as either nose poke or lever press as instrumental response Belin et al. , 2009a Belin et al. , 2011a Kasanetz et al. 2010) , which is remarkably similar to that reported in humans (Anthony et al. 1994) . Selection strategy of 3crit and 0crit rats. A dichotomous approach to the diagnosis of addiction-like behavior can be implemented in preclinical models of addiction on the understanding that some, but not all, animals chronically exposed to drug self-administration eventually develop one or more behavioral features resembling a clinical criterion for drug addiction as defined in the DSM-IV. Thus, we have operationally defined three addiction-like criteria, namely, (A) increased motivation to take the drug, (B) an inability to refrain from drug seeking, and (C ) maintained drug use despite aversive consequences. For each of the three addiction-like criteria, animals are ranked according to their score. If a rat's score is included in the 30%-40% highest percentile of the distribution, this rat is considered positive for that addiction-like criterion and is given an arbitrary criterion score of 1. Then the arbitrary criteria scores for each of the three addiction-like criteria are added, and consequently four distinct groups are identified according to the number of positive scores: 0-criteria, 1-criterion, 2-criteria, and 3-criteria rats. Figure 4. Behavioral characteristics associated with an addiction-like behavior. According to the selection strategy, rats positive for none of the 3 criteria (0crit rats) show low scores in the three addiction-like criteria, namely, (A) increased motivation to take the drug, (B) an inability to refrain from drug seeking, and (C) maintained drug use despite aversive consequences; whereas rats positive for the three addiction-like criteria (3crit rats) show the highest scores. 0crit rats are resistant to addiction, whereas 3crit rats are considered "addicted" and represent 15% -20% of the population initially exposed to cocaine (E). Importantly, scores in each of the three addiction-like criteria are linearly related to the number of positive criteria met (A-C). A similar picture is observed for the addiction score (D), calculated as the sum of the normalized scores in the three criteria. Importantly, the behavioral differences between 0crit and 3crit rats are not attributable to differential levels of cocaine intake, because throughout protracted exposure, 3crit and 0crit rats do not differ in this measure (F). Although selected on three addiction-like criteria, 3crit rats display complementary features of drug addiction, such as the inability to limit drug intake when offered extended access to cocaine (G) and high vulnerability to relapse, as measured by reinstatement of cocaine seeking behavior by increasing doses of noncontingent cocaine infusions (H ). Although 3crit rats and 0crit rats show comparable drug intake over all basal training sessions (Fig. 4F) Belin et al. , 2009a Belin et al. , 2011a , 3crit rats eventually develop higher motivation for the drug, an inability to refrain from drug seeking, and resistance to punishment Belin et al. , 2009a Belin et al. , 2011a Kasanetz et al. 2010) .
More importantly, although selected on three addiction-like behaviors, 3crit rats also display enhanced escalation of cocaine self-administration as compared with 0crit rats when access to the drug is extended to 5 h (Fig. 4G) . 3crit rats therefore fulfill a fourth criterion of addiction, namely, an inability to control drug intake ) classically established after extended access to the drug (Ahmed and Koob 1998) . This result shows that loss of control over drug intake does not necessarily follow extended access to the drug as it has been also described by Mcnamara et al. (2010) , but instead develops in some vulnerable subjects exposed to cocaine self-administration for prolonged periods of time .
The predictive validity of the model is further supported by the demonstration that 3crit rats also show a high vulnerability to relapse in response to noncontingent infusions of cocaine (Fig. 4H) (Belin et al. 2009a) or contingent presentations of a drug-associated stimulus ). Thus, even though selected on three addiction-like criteria, after chronic exposure to cocaine, 3crit rats display important additional features of clinical addiction as defined in the DSM-IV. These observations provide the model with both construct and predictive validities.
Moreover, because addiction-like behavior emerges in 3crit rats only after extended exposure to the drug, these results highlight the importance of the interaction between a vulnerable phenotype and chronic drug exposure in the development of compulsive cocaine self-administration.
This multi-symptomatic model recently allowed challenging the current neuroadaptive view of addiction. It was shown that transition to addiction could result from a default of adaptations to early drug-induced effects occurring in all users, instead of resulting from specific drug adaptations occurring exclusively in vulnerable users (Kasanetz et al. 2010) .
NOVELTY RESPONSES AND VULNERABILITY TO ADDICTION-LIKE BEHAVIOR IN RATS
As mentioned above, epidemiological studies have revealed striking associations between several personality traits and cocaine abuse or addiction (Franques et al. 2000; Franques 2003; Kreek et al. 2005) . Sensation/novelty seeking as well as impulsivity (Kreek et al. 2005) are among the best behavioral markers of cocaine addiction, but the question as to whether these behavioral traits actually contribute to the vulnerability to cocaine addiction remained a matter of debate (Ersche et al. 2010) . have shown that a high impulsivity trait in the rat, as measured by an inability to withhold inappropriate responding in a five-choice serial reaction time test (5-CSRTT) (Bari et al. 2008) , predicts specifically, and exclusively, the switch to compulsive cocaine self-administration after protracted exposure to the drug. In this study, and as previously shown by Piazza et al. (1989) , sensation seeking, as measured by a high locomotor response to novelty (Blanchard et al. 2009 ), predicted vulnerability to acquire self-administration for low cocaine doses, but was shown to be orthogonal to both a high impulsivity trait and the vulnerability to addiction-like behavior.
This apparent dissociation between impulsivity, sensation seeking, and cocaine addiction may seem questionable at first glance, especially provided the wealth of evidence from human studies supporting associations both between impulsivity and sensation seeking (von Knorring et al. 1984; Eysenck and Eysenck 1985; Zuckerman 1993) and between these two behavioral traits and cocaine addiction (Castellani and Rugle 1995; Patkar et al. 2002 Patkar et al. , 2003 Patkar et al. , 2004 Verdejo-Garcia et al. 2007a,b; Meda et al. 2009 ). However, both impulsivity (Evenden 1999) and sensation seeking (Arnett 1994) are two multifaceted constructs. Thus, the sensation-seeking scale includes thrill and adventure seeking (TAS), experience seeking (ES), disinhibition (Dis), and boredom susceptibility (BS) dimensions, of which the TAS and DIS subscales have been suggested to refer to sensation seeking, whereas the ES and BS subscales would refer to novelty seeking (Wohlwill 1984; Arnett 1994) . Therefore, sensation seeking and novelty seeking may differentially contribute to the vulnerability to develop drug addiction. However, it remained unknown whether novelty seeking, as opposed to sensation seeking, predicts the vulnerability to switch from controlled to compulsive cocaine self-administration.
In preclinical studies, novelty seeking is modeled by a high propensity to visit a new environment in a novelty-induced conditioned place preference (CPP) paradigm (Bardo et al. 1996; Cain et al. 2005) . Importantly, although both locomotor activity in a novel inescapable environment (model of sensation seeking) and noveltyinduced conditioned place preference (model of novelty seeking) are dependent on the dopaminergic system (Bardo et al. 1996) , they are mutually exclusive (Bardo et al. 1996; Cain et al. 2005; Belin et al. 2011a ; but see Dellu et al. 1993 Dellu et al. , 1996 and predict different dimensions of drug reward. Thus, as previously mentioned, the first trait predicts a propensity to acquire drug self-administration (Piazza et al. 1989) , whereas high novelty preference (HNP) rats, selected on the basis of their propensity to explore a new environment in a free choice situation, differ from their littermates in their vulnerability to express CPP for amphetamine (Bardo et al. 1996) but not in their propensity to acquire drug self-administration (Klebaur et al. 2001) .
The respective contribution of novelty seeking and sensation seeking to the vulnerability to, and the severity of, addiction-like behavior for cocaine was investigated by Belin et al. (2011a) . For this, the multi-symptomatic model of cocaine addiction in rats was used within a longitudinal study. A cohort of rats was tested for their locomotor response to inescapable novelty and, a week later, for their preference for novelty in a CPP protocol. All of the population was then subjected to extended cocaine self-administration and tested for cocaine use severity through the three addiction-like criteria (Belin et al. 2011a) .
It was revealed that the high novelty-seeking trait predicts both a propensity to compulsive cocaine use (Fig. 5A-E) and the severity of cocaine addiction-like behavior, whereas sensation seeking does not (Fig. 5) . Without differing in their total cocaine intake, HNP rats displayed a much higher addiction severity score than low novelty preference (LNP) littermates after protracted self-administration. Consequently, HNP rats were more represented within the population of 2crit and 3crit rats, whereas LNP rats were clustered in the 0crit and 1crit populations. On the contrary, high responders (HRs) and low responders (LRs) to novelty were equally distributed in the four subpopulations defined by their number of positive addictionlike criteria (Belin et al. 2011a) .
The relationship between the high novelty preference trait and vulnerability to switch to compulsive cocaine SA was further supported not only by the demonstration of an increased representativity of the HNP rats (with or without overlapping HR or LR phenotype) in the compulsive subpart of the distribution for resistance to punishment (Fig. 5E ), but also by clear relationships assessed with a (nonparametric Spearman) correlation analysis, with the percentage of time spent in the new environment of the novelty-induced place preference procedure and (1) the addiction score, (2) the resistance to punishment as measured by the percentage of infusions compared with baseline when punished contingently by electric foot shocks, and (3) the motivation as measured by the break point in a progressive ratio schedule. However, no relationship was observed between locomotor reactivity to novelty and scores in the addiction-like criteria.
A theoretical model of the relationships between addiction-like behavior (addiction score), novelty seeking ( percentage of time spent in the new compartment of a novelty-induced place preference procedure), and sensation seeking (total photocell beam breaks in a 2-h noveltyinduced locomotor activity session) was developed using a Principal Components Analysis (PCA). Three factors explain 100% of the total variance of the model. The first factor, which accounted for 46% of the model, represented the novelty-seeking/addiction construct because both addiction score and novelty seeking load heavily (.70%) on this factor. However, factor 2, which was orthogonal to the first one, represented the sensation-seeking construct because its representative variable, namely, novelty-induced locomotor activity, loaded (85%) almost alone on this factor. Factor 3 may be interpreted as vulnerability to addiction because it represents mainly addiction severity score and novelty seeking, however, with a minor explanatory contribution to the model (22.9%) (Belin et al. 2011a) . While providing the first evidence for a causal relationship between novelty preference and compulsive cocaine use, this study confirms that locomotor reactivity to novelty does not predict the vulnerability to develop cocaine addiction, but, rather, does predict the propensity to self-administer drugs (Piazza et al. 1989; Deroche-Gamonet et al. 2004; . Altogether, these data suggest that the HR phenotype and its underlying neurobiological mechanisms-involving a physiopathological chain linking stress, glucocorticoids, and the mesolimbic dopaminergic system (DerocheGamonet et al. 2003; Ambroggi et al. 2009 ; for review, see Piazza et al. 1998; Marinelli and Piazza 2002) , may be involved in facilitating development of sustained cocaine use, but not in the switch from controlled to compulsive cocaine use.
Thus, two different behavioral measures suggested to reveal a putative sensation/noveltyseeking trait in rats (Bardo et al. 1996 )-namely, novelty-induced locomotor activity and novelty preference-are differentially predictive of interindividual propensity to self-administer cocaine and to switch from controlled to compulsive cocaine use, respectively.
Of interest is the recent evidence that, despite a lack of dimensional relationship between novelty preference and impulsivity trait, as measured in the 5-CSRTT, high impulsivity rats, which have been shown to be highly vulnerable to developing compulsive cocaine selfadministration , display higher novelty preference than low impulsive littermates (Molander et al. 2011) , thereby suggesting that these two behavioral traits, at least partially overlapping, may interact in increasing individual vulnerability to develop cocaine addiction.
Altogether, these preclinical data suggest that the correlates of the increased propensity shown by human sensation seekers to use addictive drugs (Zuckerman 1986 ) should be dissociated from those associated with the transition from controlled to compulsive drug use.
CONCLUDING REMARKS
Cocaine addiction has been associated with several distinct behavioral/personality traits and psychiatric comorbidities. It is, however, difficult to disentangle pre-morbid elements from drug-induced adaptations and therefore identify whether comorbidities or personality/behavioral traits actually contribute to increased vulnerability to drug addiction (Khantzian 1985a) . Recent epidemiological studies even suggest that these numerous associated traits and psychiatric disorders could be predictors of distinct phases of the addictive process. We show in this article that animal models can be critical in this context. Using the first multi-symptomatic model of addiction in the rat, it has been revealed that two behavioral traits, namely, novelty seeking and sensation seeking, predict distinct types of vulnerabilities. Sensation seeking would predict vulnerability to use cocaine, whereas novelty seeking, akin to the high impulsivity trait, would predict vulnerability to shift from controlled to compulsive cocaine use, that is, addiction.
In conclusion, the development of addiction could be mediated by different vulnerable phenotypes (Deroche-Gamonet and Piazza 2010). The first, a "drug-use-prone" phenotype, which is positively correlated with reactivity to novelty, would facilitate the development of drug intake and subsequently sustained drug use, setting the conditions for addiction to develop. Indeed, addiction appears only after a prolonged period of sustained drug use . However, to shift from sustained drug use to addiction, a second vulnerable phenotype would be necessary, that is, a "drug-addictionprone" phenotype that is predicted so far by novelty seeking (Belin et al. 2011a) or impulsivity and that predisposes to compulsive drug intake.
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